Recombinant microbial transglutaminase has been expressed in Escherichia coli as insoluble inclusion bodies. After we searched for refolding conditions, refolding of the protein could be done byˆrst dilution of the unfolded enzyme in a buŠer at pH 4.0, and then by titration of the pH from 4.0 to 6.0. CD analysis showed that a burst of secondary structure formation occurred within the dead time of the experiment and accounted for 75% of the signal change in the far UV CD, with little tertiary structure being formed. This burst was followed by slow rearrangement of the secondary structure accompanied by formation of tertiary structure. The secondary and tertiary structures of theˆnal sample at pH 4.0, corresponding to the folding intermediate, were diŠerent from these structures at pH 6.0. Once the native structure was obtained, acidiˆcation of the native protein to pH 4.0 did not lead to a structure like that of the folding intermediate. Sedimentation velocity analysis showed that the folding intermediate had an expanded structure and contained no other structure species including large aggregates.
Transglutaminases catalyze acyl transfer of the g-carboxyamide group of a glutamine residue to the e-amino group of a lysine residue, resulting in formation of cross-linked polypeptide chains. A Streptoverticillium sp. strain s-8112 transglutaminase (abbreviated MTG for microbial transglutaminase) has been identiˆed, characterized, and cloned. [1] [2] [3] Because of its ability to cross-link protein molecules, the enzyme has broad commercial applications in the food industry. [4] [5] [6] [7] For such applications, a large quantity of the protein must be produced at low cost, making Escherichia coli expression desirable. Such production, however, may be di‹cult, because the protein contains a pro-sequence that seems indispensable for e‹cient folding.
8) E. coli is incapable of such post-translational processing.
Attempts were made earlier to express the mature form of MTG without either a signal sequence or a pro-sequence, and to refold the expressed mature protein. 9) MTG contains no disulˆde bonds and has one free SH group. A procedure for the refolding of recombinant MTG from E. coli was developed after a search for conditions under which the protein obtained had enzyme activity equivalent to that of the naturally secreted form. 9, 10) Refolding in a neutral buŠer led to extensive precipitation and no one-step refolding was eŠective in generating an active soluble enzyme. Among the protocols attempted, only the protocol that went through a folding intermediate at pH 4.0 was usable. It was not clear, however, whether the structure of the folding intermediate resembled that of the native state or of the unfolded state. Here, we characterized the refolding process and structure of folding intermediates of MTG at pH 4.0 relative to the structure of the native protein. The characterization will help to elucidate the mechanism of MTG refolding and also open a window to additional refolding procedures for recombinant proteins in inclusion bodies.
Materials and Methods
Recombinant MTG, protein measurement and refolding. Recombinant MTG was expressed in and puriˆed from E. coli. 9, 10) Protein concentration was spectrophotometrically measured using the extinction coe‹cient of 1.84 for a 0.1z protein solution at 280 nm. This value was calculated from the amino acid sequence of the protein. MTG at ¿40 mg W ml was denatured in 8 M urea, 20 mM dithiothreitol (DTT) at pH 4.0 and diluted 50-fold in a refolding buŠer of 20 mM acetate, 2 mM DTT at pH 4.0. DTT was included to keep the free SH intact. The refolded material was subjected to CD analysis as a function of time at room temperature. This technique monitors changes in the secondary and tertiary structures of the protein while it is refolding. The protein was also examined by CD analysis at the single wavelength of 220 or 286 nm for monitoring of changes with time.
Acid titration of native protein. The native protein in 20 mM phosphate at pH 6.0 was titrated to pH 4.0 with 1 M acetate, pH 3.5.
Circular dichroism. CD measurements were done on a Jasco J-715 spectropolarimeter at room temperature. Protein concentrations used for CD were about 1 mg W ml. Far UV CD spectra were taken with a 0.1-cm cell; near UV CD spectra were taken with a 1-cm cell. Spectra were taken 1 to 10 times per sample and were averaged for multiple scans. The spectrum of the buŠer control, prepared for each sample, was subtracted from the protein spectrum. The subtracted spectrum was converted to the mean residue ellipticity with reference to the protein concentration, the pathlength of the cell, and the mean residue weight of the protein (110).
For the changes with time, the sample, immediately after 50-fold dilution, was put into a cuvette and examined by CD at 220 or 286 nm. Dead time for the mixing and sample handling was about 30 sec. Far UV CD spectra were analyzed by a secondary structure analysis program, CDNN version 2.1, Guid223 (10 W 9 W 98). 11) Sedimentation analysis. Samples were diluted to ¿0.24 mg W ml using their corresponding buŠer immediately before analysis. Sedimentation velocity experiment was done on a Beckman XL-A analytical ultracentrifuge using a 12-mm pathlength 2-channel charcoal Epon cell. After sample loading, the rotor was brought to 209 C. Initially the samples were centrifuged at 3000 rpm to look for sedimentation of any large aggregates. Rotor speed was then increased to 60,000 rpm. Scans were recorded using the absorbance at 280 nm. The data were analyzed by whole boundary analysis using the program SVEDBERG. The approach used in SVEDBERG is to directlyˆt to multiple raw data scans using aˆtting model with up to four independent species, each with its own sedimentation and diŠusion coe‹cients. Figure 1 shows several spectra of MTG during refolding as a function of time. Theˆrst spectrum, taken immediately after dilution, was obtained during one scan (not accumulated and hence not averaged). This spectrum was taken from 0 to 10 min after refolding started. There was little signal at the wavelength between 240 and 340 nm, so the structure was still largely unfolded. In the next spectrum,ˆve scans were taken and averaged spanning the time from 10 to 60 min after refolding started. The negative signals at 280 to 290 nm and the positive signals at 250 to 270 nm were greater than those in theˆrst spectrum, suggesting an increase in the tertiary structure. Spectra of 10 accumulated scans spanning from 60 to 160 min and 170 to 270 min (not shown) were taken and averaged, showing a slightly greater signal intensity over the previous one. The two spectra (60-160 min and 170-270 min) were nearly identical, indicating that refolding has been completed after incubation for about 60 min. A spectrum of the refolded material was taken again after 26 h of incubation at room temperature (not shown) and was identical, within experimental error, to the spectrum at 170 to 270 min. In Fig. 1 , the spectrum of the native protein also is shown. Theˆnal structure of the refolded material had spectral features resembling those of the native protein, but with decreased signal intensity, indicating that the refolded material at pH 4 has a distinct tertiary structure, but was less ordered than the native protein.
Results and Discussion

CD analysis
For another comparison of the structures of the folding intermediate and the native protein under similar solvent conditions, the native protein sample was rapidly mixed with 8 M urea solubilization buŠer to aˆnal conccentration of 0.16 M and titrated to pH 4.0 by the addition of acetate to theˆnal concentration of 20 mM. The sample was further diluted with the pH 4 refolding buŠer. The near UV spectrum shown in Fig. 1 indicates a slightly decreased intensity in the entire wavelength region, but intensity is still more than that of the folding intermediate.
It was interesting that allˆve spectra had isoelliptic points at 270 and 295 nm, which suggested that they were an average of two end spectra (the spectra of the unfolded and native proteins). It is not clear whether the structure of the folding intermediate was the structure of a distinct state or an average of two end structures. As described previouly, 10) the folding intermediate at pH 4.0 has an enzyme activity of about half that of the native protein when assayed under the same conditions. Thisˆnding suggests either that the intermediate is only half-active, or that the intermediate is a mixture of two end structures, unfolded and native.
Far UV CD spectra of the refolded intermediate were taken after 6 and 28 h of incubation at room temperature. The results at 26 h (Fig. 1, lower panel Figure 1 also has a spectrum of the native protein after titration of the pH to 4.0; the spectrum shows slightly less helical structure than in the native protein at pH 6, but the spectrum still had a stronger signal than the folding intermediate. The proportion of helical structure calculated from the far UV CD spectra by curveˆtting is given in Table 1 . The helical content of the acid-titrated sample was between the values of the native and folding intermediates.
Kinetics MTG in 8 M urea was manually diluted 50-fold in refolding buŠer at room temperature and transferred to either a 1-cm or a 0.1-cm cell. After ¿30 sec of dead time, the CD signal change at 280 or 220 nm was monitored. Comparison of the signal changes at 220 and 280 nm shows greater conformational change in the 280-nm signal as a function of time (Fig. 2) . Only a small decrease in negative ellipticity was observed at 220 nm. The initial signal at 220 nm in 8 M urea was "10 mdeg, but the signal at time zero after 30 sec of dead time was already "39 mdeg, and reached "48 mdeg by 1 h. Thisˆnding indicated that ¿75z of the CD signal with theˆnal value as 100z was already attained within the dead time of the sample handling, indicating rapid formation of a-helix. Formation of the remaining a-helix was slow, with a half-time of 12.5 min, and ending at ¿35 min. For monitoring of the formation of tertiary structure, the sample was prepared in similar way and measured at 286 nm. The signal was "1.3 mdeg at time zero, but in 8 M urea, it was "0.3 mdeg. The signal changed to "4.0 mdeg, indicating that only about 25z of the tertiary structure was formed within the dead time, compared with 75z of secondary structure formed in the same time. The signal at 286 nm gradually increased, with a half-time of 12.5 min, and reached a plateau at 35-40 min. These measurements indicated that refolding was complete in about 40 min after dilution.
Sedimentation analysis
The molecular shapes of MTG in the native state at pH 6.0 and the folding intermediates at pH 4.0 were examined by sedimentation velocity. The approach here was to globally and simultaneously analyze all ¿8200 data points for each sample using a model for the boundary shape and position for a single species with a given sedimentation coe‹cient, diŠusion coe‹cient, and loading concentration. The method used gave a sedimentation coe‹cient, S 20,W , of 3.53 S (Table 1) for the native MTG at pH 6.0. All sedimentation coe‹cients reported were corrected for solvent density and viscosity to standard conditions (water at 209 C), so that the numerical values from diŠerent solvents can be directly compared.
The unfolded MTG in urea was diluted 50-fold with refolding buŠer to start refolding, and then subjected to sedimentation velocity analysis. No detectable material sedimented at 3000 rpm, indicating that large aggregates did not form during refolding. The sample was measured over ¿1 to 3.5 h after refolding was started (refolding was completed in ¿40 min). There was no clear systematic change from early to late in this run, and an aliquot of this material was run the next day, showing little if any change, all of which was consistent with the CD results. Sedimentation velocity analysis of this folding intermediate shows a goodˆt to a single-species model, which gave a sedimentation coe‹cient in water of 3.09 S (Table 1 ). This value was smaller than the value for the native protein, 3.53 S, at pH 6.0 and was consistent with a more expanded structure and hence a partially folded intermediate. Sedimentation analysis also showed that the folding intermediate was diŠerent, as already observed with CD, from the structure obtained by titration of the pH of the native protein to 4.0. The S20,W value for the acid-titrated sample was 3.31 S, intermediate between the values for the native and folding intermediate structures.
With this sample as well,ˆtting to a one-species model suggests no clearly resolvable species other than the main component. The sedimentation coe‹cient of the acidiˆed native protein (after titration to pH 4.0) indicated that the low pH alone did produce some expansion or disordering of the structure, but not nearly to the extent seen for the folding intermediate. There seem to be multiple forms that MTG can attain in acidic pH, depending on the sample treatment; each sample treatment generates only one species, expressed by a single S20,W.
Conclusion
As described in the introduction, refolding of MTG under neutral conditions caused precipitation with no recovery of active enzyme. The precipitation may be due to lack of a pro-sequence in the protein.
In the previous paper, a protocol was proposed of two-step folding. 10) Here we show that slow refolding at pH 4.0 generates a soluble folding intermediate, which can be converted readily to the native structure. It should be mentioned, however, that indirect refolding such as this will work only when it does not generate a kinetically trapped oŠ-pathway intermediate, as is often observed in refolding under physiological conditions.
